Optical emission spectroscopy is one of the standard diagnostic methods to determine plasma parameters. In hydrogen plasmas often the intensity of the Balmer lines is recorded. To analyze such measurements population models for the hydrogen atom are needed. The flexible package Yacora is used to construct a new collisional radiative model for low pressure, low temperature hydrogen plasmas. This model includes six possible excitation channels: effective excitation of H, recombination of H + , dissociative excitation of H 2 , dissociative recombination of H + 2 , dissociative recombination of H + 3 and mutual neutralization of H − and H + x . The model is applied to an uniform ECR plasma with high dissociation degree and low ionization degree, i.e. electron collision excitation from H is the dominant excitation channel. The cross sections for this channel taken from literature showed a non-physical discontinuity at electron energies close to the threshold energy. This discontinuity has been removed by using a smoothing procedure. For known plasma parameters the deviation between measured and calculated population densities decreases significantly by using the smoothed data. Furthermore the agreement of the electron density deduced from the ratio H β /H γ with results of other diagnostic methods is enhanced dramatically.
Introduction
Low pressure, low temperature plasmas are used in a wide range of technical and research applications [1] . Most of these plasmas contain a certain amount of hydrogen atoms produced by dissociation of H 2 or other molecules, e.g. hydrocarbons or silanes.
The most important plasma parameters in these plasmas are temperature, density and velocity distribution functions of the particles. Plasma diagnostics which determines the plasma parameters is a key issue to improve the understanding of plasma processes [2, 3] .
Plasma diagnostics usually is based on the measurement of externally accessible physical parameters of the plasma. For example a spectrometer can be used to record the intensity of a radiative transition. Models in which the plasma parameters are used as free parameters are applied to predict values of the measured parameter. A comparison of the results of measurement and calculation enables the determination of the plasma parameters.
For low pressure, low temperature plasmas, many different diagnostic methods are available [2, 3] . One of these methods is the optical emission spectroscopy (OES) [4] [5] [6] , which is based on a very simple and robust experimental set-up. One main advantage of this method is its non-invasive nature, i.e. the plasma is not affected by the measurements.
For the interpretation of spectrosopically measured intensities population models are needed. Such models calculate population densities of excited states in atoms, molecules or ions depending on the plasma parameters. For very high electron densities (n e 10 in hydrogen plasmas) the corona equilibrium which balances electron collision excitation from the ground state with radiative transitions is valid. For intermediate electron densities the excitation and de-excitation processes for all states in the atom, molecule or ion have to be balanced by the population model [7] . Such models are called collisional radiative (CR) models [8] [9] [10] . For high and low electron densities CR models represent the LTE and corona equilibrium, respectively. The first CR model for H was developed by Johnson and Hinnov [11] . Since then other CR models for the hydrogen atom have been presented [12, 13] , the most prominent one is the ADAS package [13] . The typical application ranges of these models are recombining (T e < 1 eV) or ionizing plasmas (T e > 10 eV) which means that the population densities of exited states are determined mainly by recombination from H + and electron collision excitation from H, respectively.
In typical process plasmas [14] and sources for positive [15] or negative hydrogen ions [16] ) can have an influence on the population of excited states. Additionally, the average energy of the plasma particles is either below or close to the threshold energy of some of the excitation processes. Thus, the corresponding cross sections and the energy distribution functions of the involved particles have to be known very accurately for low energies.
The flexible package Yacora was developed and used to construct a new CR model for hydrogen plasmas. This paper describes in more detail the application of the model to an uniform ECR plasma with electron temperatures in the parameter range between recombining and ionizing plasmas (1 eV < T e < 10 eV), high dissociation degree and low ionization degree, i.e. electron collision excitation from H is the dominant excitation channel. This regime is outside the parameter ranges in which the previously existing CR models for H have been tested. Comparison of measured and calculated population densities enables the revision of the cross sections available in literature for collision excitation from the ground state of H at electron energies close to the threshold.
Physics of collisional radiative models
When an excited state p in an atom, molecule or ion is de-excited by a radiative transition to an energetically lower-lying state q, the intensity of the emitted radiation can be expressed by the line emission coefficient ε pq .
where n p is the population density of p, A pq the transition probability and ν the frequency of the transition. If the transition probability and frequency are known, the population density can be deduced from a measured value of the line emission coefficient:
The population density depends on the plasma parameters such as T e and n e and can be calculated by CR models. To ease such calculations, often the fact is utilized that the different processes which are dominant for reaching the equilibrium population of the species or states present in the plasma have different time scales. In low pressure, low temperature plasmas the population density of excited states is mainly determined by collisions with electrons or heavy particles and radiation. The ground state population of atoms, molecules and ions mainly depends on transport processes [17] . The population density of excited states is established on a time scale of nanoseconds while the ground state densities change much more slowly (typically on a timescale between milliseconds and microseconds). Thus, the ground state densities can be considered as quasi-constant input values for CR models. Exact knowledge of the different time scales allows for considering even the population densities of some excited states (e.g. metastable states or vibrational levels of a molecular ground state) as quasi-constant [17] .
The temporal dependency of the population density n p can be described by a rate equation:
where A qp and A pq are the transition probabilities for spontaneous emission from q to p and p to q, respectively. X qp and X pq are the rate coefficients for excitation or de-excitation by electron collisions. α and β are the rate coefficients for recombination of an ion with density n + and S p is the rate coefficient for ionization of the state p. Equation (3) must be extended when heavy particle collisions (for example Penning ionization and quenching), selfabsorption due to optical thickness of emission lines [18] or other additional processes have to be considered.
Such equations can be assembled for all excited states, resulting in a system of coupled ordinary differential equations. If the equation system is linear, the steady state population densities (right hand side of the equation system yields zero) can be calculated easily by inverting a matrix. Otherwise the solution has to be determined by integrating the equations beginning with a specified starting condition. In both cases the solution of equation (3) can be expressed in terms of so-called population coefficients R 0p [12] :
where n 0 denotes the density of the ground state or another species with quasiconstant density. It can be seen from equation (4) that population coefficients primarily depend on the electron density and the ground state density. The density n p calculated by the CR model depends on electron temperature and electron density. Further dependencies of n p arise for extended forms of equation (3). When for example heavy particle collisions are considered, density and temperature of the involved particles are additional parameters.
The population density of interest can be determined by a simple transformation of equation (4):
If the population density n p depends on more than one species S with quasiconstant density, additional coupling processes have to be considered by calculating population coefficients for each of these species. Then n p is the result of a summation:
where R Sp are the population coefficients for coupling of the different species S to the excited states and n S the ground state densities of these species.
For constructing CR models for atoms, the probabilities of several thousand reactions have to be known in form of cross sections, rate coefficients or transition probabilities. The complexity increases dramatically if vibrationally and rotationally excited states of molecules have to be considered. When the probability for a certain reaction is not known, often the value is deduced by assumptions or extrapolations, e.g. from the known probability of a similar reaction [19] . One example for this approach is the detailed balance which is quite commonly used to deduce the probability for a reverse reaction from the known probability of the forward reaction.
The accuracy of the results calculated by the model strongly depends on the accuracy of the input data. Thus, a critical check of the input data is essential.
3 The collisional radiative model for the hydrogen atom
Fundamental characteristics of the collisional radiative model for H
Hydrogen represents the simplest atom. It consists of a number of electronically excited states which are degenerate due to different possible orientations of angular momentum and spin of the valence electron. In case of non-existing strong external fields, the energetic splitting of the degenerate states can be neglected. Due to strong coupling processes with non-metastable states of the same main quantum number, the metastable sub-state 2s is not needed to be considered explicitly [20] . Thus, for the hydrogen atom it is sufficient to resolve just the main quantum number in CR models.
In principle, in low pressure, low temperature hydrogen plasmas the population densities of the excited states of the hydrogen atom are coupled to six different species with quasi-constant density. The coupling processes are shown schematically in figure (1) . The equilibrium population density n p is calculated by equation (6), considering these coupling channels:
The terms in parentheses denote effective excitation of H, recombination of H + , dissociative excitation of H 2 , dissociative recombination of H One requirement to the flexible package Yacora was the ability to handle non-linear processes, for example the self-absorption due to optical thickness of emission lines. The solution of equation system (3) has to be determined by an integration technique. Because of the stiffness of the equation system, ordinary integration techniques as for example the Runge Kutta method [21] are too slow and the solver CVODE [22] was chosen instead.
Yacora allows the user to easily define the names of all species and states, the probabilities for all reactions and the initial conditions. The probabilities of collision processes can be given either as rate coefficients or cross sections. In the latter case additionally an electron energy distribution function has to be defined. This offers the possibility to perform calculations for plasma regimes with non-Maxwellian EEDF which are often observed in low pressure, low temperature plasmas [23] .
The CR model for the hydrogen atom includes the 40 energetically lowest lying electronic states of the atom (H(1) . . . H(40)). Table 1 gives an overview of all reactions included in the model and the underlying input data. The total number of reactions included in the CR model is 2359.
The input files use the most recent data available in literature. As far as possible cross sections instead of rate coefficients were used for defining the reaction probabilities.
The reactions included to the model are mainly electron collision processes and radiation. The only heavy particle collision considered is the mutual neutralization of H − and H + x . When the negative ion density is sufficient, this reaction can have a significant influence on the population density of the excited state H(3) and thus on the emission of the Balmer line H α [24] . Instead of implementing the single mutual neutralization processes of H Dissociative recombination of H + 3 can occur via two different reaction channels. Reaction products are either three hydrogen atoms in their ground state H(1) or a hydrogen molecule and an excited atom. The total cross section and the branching ratio of the two channels have been investigated extensively by means of calculations and measurements [25] . The quantum state distribution of the atom produced by the second channel is not exactly known [26] , but it can be deduced from calculations of electronically excited states of H 3 that for electron energies above 1 eV the dominant reaction product is H(2) [27] . Thus, the cross section and branching ratio measured in a storage ring [28] were implemented to the CR model, assuming that the second channel always produces an atom in the state H(2).
Due to its quasi-constant character, the density of the ground state H(1) is used as fixed parameter for the solution process. Thus, reactions which only change the ground state density and not the population densities of exited states does not need to be considered by the model. An example of this would be the stripping of negative ions by electrons:
Although the hydrogen atom is the simplest atom, for some reactions no cross sections or rate coefficients are available in literature. In this case the same estimations as done in [12] are used.
The rate coefficients for de-excitation by electron collisions are calculated by applying the detailed balance to the excitation rate coefficients. The influ- 
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ence of self-absorption due to the optical thickness of the Lyman lines on the population densities of excited states is taken into account by multiplying the transition probabilities for spontaneous emission with the appropriate population escape factors as suggested in [18] .
For coupling of the population densities only to the hydrogen atom the results of the model are in excellent agreement with the results of the CR models described in [12, 13] . In a next step a critical investigation on the cross sections for the excitation channel from the ground state H(1) at low electron temperatures is carried out.
Recent improvement of the input data for atomic hydrogen
The cross sections for excitation from the ground state H(1) to excited states H(p) of the atom by electron collision excitation were taken from the latest available compilation [26] and are shown in figure 2 for p = 2 . . . 7 and electron energies up to E e = 100 eV.
For high electron energies (E e 80 eV) the cross sections show a steady decrease with increasing quantum number. For electron energies near the threshold a discontinuity appears between the cross sections for the excitation processes H(1) → H(5) and H(1) → H(6). From the physics point of view this discontinuity is not explainable since the only difference between the two states H(5) and H(6) is their slightly different energy (13.06 eV compared to Excitation H (1) H (7) H (6) H (5) H (4) H ( 
eV)
. Since the discontinuity is located at low energies, it will have a significant impact on interpretation of low temperature plasmas based on CR model calculations.
The report [26] represents the most recent available compilation of cross sections from other sources. The discontinuity observed is due to the junction between data taken from two different primary data sources. The cross sections for excitation of lower quantum numbers (H(p), p ≤ 5) for low electron energies (E e 50 eV) are a composition of several calculations, amongst them the R-Matrix method. For higher quantum numbers (H(p), p ≥ 6) a semiempirical modification of the Born-Bethe formula has been used [31] .
Although, in principle the R-Matrix method is very accurate, the convergence of R-Matrix calculations is slow when the number of basis set eigenfunctions needed to construct the excited state is large [32] . The number of needed eigenfunctions increases strongly with the main quantum number of the excited state. For too low numbers of considered eigenfunctions the accuracy of the results is poor. For Li this problem was resolved by including a larger set of bound and continuum basis set eigenfunctions [32] . Up to now no similar calculations were performed for the hydrogen atom. At the time when the R-Matrix calculations included in [26] were performed, computation of the cross sections for excitation of H(5) was close to the limit of what is technically possible. The only available more recent data [33] is given in form of rate coefficients and has been calculated assuming a Maxwellian EEDF. Using these rate coefficients does reduce the observed discontinuity but not remove it completely. Thus, it has been concluded that the existing cross sections and rate coefficients for excitation of H(5) are rather inaccurate [34] . For the excitation of higher quantum numbers (H(p), p ≥ 6) the cross sections calculated using the semi-empirical modification of the Born-Bethe formula [31] are the only complete data set available in literature. In [35] it is shown that for high electron energies these cross sections correctly reproduce Bornexchange calculations for p = 6, 7 and Born-Rudge calculations for p = 10.
As proposed solution, smoothly combining the R-Matrix rate coefficients for excitation of (H(p), p ≤ 4) taken from [33] with rate coefficients based on the semi-empirical cross sections for (H(p), p ≥ 6) will result in the most accurate data set possible in the moment. To do so, the latter rate coefficients were calculated using a Maxwellian EEDF. For 100 electron temperatures in the range T e = 0.5 . . . 25.0 eV the different rate coefficients were plotted over the main quantum number. To obtain a smoothed input data set for the collisional radiative model a fit was performed. For four temperatures and the ten energetically lowest lying electronic states the resulting rate coefficients are shown in figure 3 .
Also shown in figure 3 are the non-smoothed rate coefficients. It can be seen that the discontinuity at H(1) → H(5) is particularly pronounced for low electron temperatures, which is a direct result of the shape of the cross sections shown in figure 2. For higher electron temperatures the discontinuity is less pronounced and for T e > 20 eV it vanishes almost completely. This explains why the discontinuity was not detected previously by other CR models for ionizing plasmas since these models are applied typically to plasmas with T e 10 eV.
The deviation between the original data and the fit performed is a factor 2 for H(5) and T e = 2 eV and decreases with increasing electron temperature. For lower and higher quantum numbers the fit represents the original data. This means that for cold plasmas in which the direct excitation from H dominates, the radiation of H γ is overestimated by a factor 2 when the non-smoothed data is used.
To investigate the consequences of this overestimation, population densities calculated with the CR model using both the original and the smoothed input data are compared with experimental results.
The experiment
Spectroscopic measurements on a low pressure, low temperature plasma with known plasma parameters were performed. Since measurements by OES average the emitted intensity over a specific line-of-sight, the measurements were performed on an uniform and stationary ECR plasma.
The ECR reactor used to generate the plasma is shown schematically in figure  4 . mbar by a pumping system consisting of a turbo molecular pump and a forepump. Different gas mixtures can be filled into the vessel by means of three calibrated mass flow meters.
The microwave with a frequency of 2.45 GHz is generated by a magnetron (P max. = 1 kW) and transferred into the plasma by a rectangular waveguide. This frequency corresponds to the electron cyclotron resonance (ECR) frequency at a magnetic field strength of 87.5 mT. Since the microwave is introduced from the high-field-side of the magnetic field, a good coupling of the microwave power into the plasma is achieved [36, 37] . A set of electromagnetic Helmholtz coils (I max. = 50 A) are used to generate a homogeneous magnetic field of 87.5 mT in a large volume inside the chamber which ensures a good plasma uniformity.
The experiment can be operated in a wide range of pressure and microwave power (p = 0.01 − 20 Pa, P = 30 − 1000 W) for different gas mixtures. Thus, a wide range of plasma parameters is accessible (T e = 1 − 12 eV, n e = 10 ). From the emission of H β and the molecular Fulcher band it can be deduced [6] that the dissociation degree inside the source typically is high (H/H 2 density ratio 0.05). Langmuir probe measurements show that the ionization degree is low (ratio n e /n 0 = 10
Between the two magnetic coils the vacuum vessel is equipped with large diagnostic ports. These ports enable access of diagnostic systems (OES, electrical probes: Langmuir probe and double probe, microwave interferometry) to the plasma. For measuring line emissivities, a spectroscopic system is used, consisting of a Czerny Turner spectrometer (f = 750 mm, 1800 G/mm grating) which is connected with the plasma source by a fibre optics system. The light is detected by a 2500 × 600 pixel CCD detector. The spectroscopic system was absolutely calibrated in the range 200-900 nm by means of an Ulbricht sphere and a D 2 lamp.
Results
For investigating the influence of the smoothing procedure described in section 3.2, the CR model was applied to the experiment described in section 4. Plasmas containing 10 % hydrogen, 5 % argon and 85 % helium were generated at 0.5, 4, 10 and 15 Pa pressure.
Using Langmuir probe and double probe measurements it was shown that the spatial profile of the electron density inside the experiment is almost flat , depending mainly on the pressure) is determined by means of microwave interferometry and double probe measurements.
The noble gases added to the plasma are used as diagnostic gases to determine the line-of-sight averaged electron temperature: the temperature (4.4 eV − 2.1 eV) is deduced from the intensities of the Ar line at 750 nm and the He line at 728 nm [5, 39] . The electron temperatures determined from these two lines are in good agreement. By varying the percentage of the Ar and He admixture it was checked that the influence of the noble gases on the population densities of the hydrogen atom is negligible small.
For these plasma parameters all excitation channels except for the effective excitation from the ground state are of minor importance: the recombination process which couples the excited states of H to H + is of no relevance since the ionization degree is low and the electron temperature is higher than 2.0 eV. The efficiency of coupling to H − , H 2 and H + 2 depends linearly on the density of these species. Due to the high dissociation degree and the small negative ion density (n H − /n H < 10 ) these coupling channels also are of no major rel-evance. Dissociative recombination of H + 3 populates the state H(2) primarily. Since the probability for stepwise excitation is low due to the small electron density, this coupling channel can be neglected also. However, the relevance of the neglected channels was checked in the second of the iteration steps described in the following.
The Balmer line emissivity measured spectroscopically is compared with results predicted by the CR model using the known plasma parameters. The comparison is performed by means of a Boltzmann plot which allows to compare measurement and calculated results for low and high quantum numbers simultaneously. Figure 5 shows the Boltzmann plot for population densities determined from the first five Balmer lines at p=0.5 Pa.
In the first step CR model calculations for coupling just to the ground state were performed. Electron density and electron temperature are taken from interferometry and He-spectroscopy, respectively. For both input data sets the agreement between measurement and model is very good, with the exception of the level H(5). Using the original data set, for H(5) a obvious deviation between calculation and measurement arises from the discontinuity in the shape of the rate coefficients shown in figure 3 . In contrast, the results of the calculation based on the smoothed rate coefficients are in very good agreement with the measured values for all quantum numbers.
In the second step the agreement of measurement and model was optimized by varying n e and T e and introducing the other coupling channels. No or only very small variations of n e and T e are necessary to minimize the deviation of measured from calculated values. Additionally, only small additions of H ) are needed. These deviations are within the error bar of the diagnostics and represent the expected ion densities. The results shown in figure 5 represent the result of this second iteration step. For both spectroscopic measurements and CR model calculations an relative error of 10 % has been estimated. The six coupling processes described by equation (7) show different dependencies on quantum number, electron temperature and electron density. Varying T e , n e or the densities of the six species with quasi-constant density changes the shape of the population densities shown in the Boltzmann plot in different ways. Thus, by applying a validated CR model to spectroscopically determined population densities it is possible to determine one or more unknown plasma parameters. To minimize the experimental expenditure, usually the line ratio method is used, i.e. the calculated ratio of the emission of two Balmer lines is adjusted to the measured ratio. This method was described in [6, 18, 40] for the determination of the dissociation degree, in [41] for the electron density and in [24] for the density of the negative hydrogen ion. For further verification of the smoothing procedure the line ratio H β /H γ was used to determine the electron density for all pressures. This specific line ratio is used quite often for diagnostic purposes in low pressure, low temperature plasmas since typically the influence of optical thickness and the other excitation channels besides effective excitation is low which reduces the number of free parameters. The smoothing procedure strongly influences results based on the H β /H γ line ratio since the upper state of the H γ transition is H(5). Figure  6 shows a comparison of the electron densities obtained by applying the line ratio method with the values obtained by means of interferometry and double probe measurements.
It can be seen that the results of interferometer and double probe agree well for all pressures. The electron densities resulting from the CR model using the original data set are by a factor of three to ten higher than the results of the two other measurement methods. When the smoothed data set is used, the agreement between the spectroscopically determined electron densities and the results of interferometer and double probe improves significantly.
With increasing pressure the influence of the optical thickness on the line ratio H β /H γ increases: while for p=0.5 Pa the calculated ratio is increased by a factor 1.08 compared to the optical thin case, for p=15 Pa the factor amounts to 1.23. For the interferometric measurements an absolute error of 2 · 10 the line ratio H β /H γ strongly depends on the electron density. For higher and lower electron densities the method becomes more insensitive [24] .
Conclusion
The flexible package Yacora was used to construct a CR model for the hydrogen atom based on the most recent cross sections available in literature. The model incorporates six different excitation channels which can be of relevance in low pressure, low temperature plasmas: effective excitation of H, recombination of H + , dissociative excitation of H 2 , dissociative recombination of H The model was used to interpret Balmer line emissivities measured by OES on an uniform and stationary ECR driven plasma with high dissociation degree and low ionization degree, i.e. electron collision excitation of H is the dominant population channel. For low electron energies a discontinuity appears between the cross sections for the processes H(1) → H(5) and H(1) → H(6). This discontinuity is explained by slow convergence of the existing R-Matrix calculations for the main quantum number q = 5 and was removed by a smoothing procedure. Since the smoothing procedure is based on rate coefficients, is restricts the applicability of the CR model to plasmas with Maxwellian EEDF.
To check the validity of the smoothing procedure, measured population densities were compared with CR model results based on both the original data set and the smoothed data set. It has been shown by means of a Boltzmann plot that using the smoothed data set produces much better agreement between calculated and experimentally derived population densities. When the CR model based on the original data is applied to determine the electron density by the H β /H γ line ratio method, the results deviate by a factor of three to ten compared with the values obtained by microwave interferometry or a double probe system. When the smoothed data set is used, an almost perfect agreement is obtained.
The described results indicate that for low electron temperatures the rate coefficient for H(1) → H(5) determined by the performed fit procedure represents measurements much better than the cross sections and rate coefficients available in literature. Thus, to increase the accuracy of the results of plasma diagnostics basing on the Balmer line radiation of low pressure, low temperature plasmas, the smoothed input data set should be used as long as no more recent data is available.
